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In Brief
Menkes-Caspi et al. show that the activity
of cortical neurons is reduced in tau-
transgenic mice, including in neurons
without detectable pathological tau. The
pathological effects on a group of
neurons are amplified and propagated
through the entire cortical network.
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Pathological tau leads to dementia and neurodegen-
eration in tauopathies, including Alzheimer’s dis-
ease. It has been shown to disrupt cellular and
synaptic functions, yet its effects on the function of
the intact neocortical network remain unknown. Us-
ing in vivo intracellular and extracellular recordings,
we measured ongoing activity of neocortical pyrami-
dal cells during various arousal states in the rTg4510
mouse model of tauopathy, prior to significant cell
death, when only a fraction of the neurons show
pathological tau. In transgenic mice, membrane
potential oscillations are slower during slow-wave
sleep and under anesthesia. Intracellular recordings
revealed that these changes are due to longer
Down states and state transitions of membrane
potentials. Firing rates of transgenic neurons are
reduced, and firing patterns within Up states are
altered, with longer latencies and inter-spike inter-
vals. By changing the activity patterns of a subpopu-
lation of affected neurons, pathological tau reduces
the activity of the neocortical network.
INTRODUCTION
Tau is a microtubule-associated protein, which binds and stabi-
lizes neuronal microtubules. In tauopathies, neurodegenerative
diseases characterized by dementia, including Alzheimer’s dis-
ease (AD), tau is hyperphosphorylated and aggregates into
neurofibrillary tangles (NFTs) in an age-dependent manner (Avila
et al., 2004; Gendron and Petrucelli, 2009). Pathological tau
causes morphological changes in neurites (Crimins et al., 2011,
2012; Rocher et al., 2010) and synapses (Kopeikina et al.,
2013; Thies and Mandelkow, 2007; Yoshiyama et al., 2007)
and impairs cellular trafficking (Roy et al., 2005; Shemesh
et al., 2008; Stamer et al., 2002; Thies and Mandelkow, 2007)
and synaptic function (Hoover et al., 2010; Yoshiyama et al.,
2007). In the rTg4510 model of tauopathy, mice overexpress hu-
manmutant tau in forebrain structures. They display progressive
cognitive decline and subsequent cell death concomitant with
tau accumulation (Santacruz et al., 2005; Spires et al., 2006).Cognitive deficits are initially observed at a stage in which path-
ological tau affects a fraction of the neurons, prior to substantial
neurodegeneration (Hoover et al., 2010; Santacruz et al., 2005).
Electrophysiological studies in rTg4510 mice have mostly been
performed in mice over 7 months old, following substantial
neuronal death. These studies have suggested hyperexcitability
of neocortical neurons recorded in vitro (Crimins et al., 2011,
2012; Rocher et al., 2010). The effects of pathological tau on
the functional activity of the intact neocortical network are still
unclear.
In the intact neocortical network, the membrane potentials of
pyramidal neurons show characteristic patterns of spontaneous
ongoing activity, which are not present in acute reduced prepa-
rations. During slow-wave sleep (SWS) and under ketamine-xy-
lazine (KX) anesthesia, the membrane potential spontaneously
transitions between the hyperpolarized silent Down state and
the depolarized Up state, from which action potentials (APs or
spikes) arise, with a dominant oscillatory frequency of 1 Hz
(Cowan and Wilson, 1994; Steriade et al., 1993). The Up states
are generated by a barrage of simultaneous convergent synaptic
inputs, occasionally inducing the cell to spontaneously fire, and
when ceased, cause the membrane potential to fall into the
Down state (Haider et al., 2006; Le´ger et al., 2005). KX anesthesia
serves as a model for SWS, as both show slow rhythmic, stereo-
typical fluctuations of the membrane potential in the subthresh-
old range, which are also seen in the field potential recordings,
and reflect high synchronization of network synaptic activity.
However, fine differences exist between these two states. Under
anesthesia, a stronger rhythmicity of slow oscillation is observed
in field potential and intracellular recordings of cats, as well as
longer durations of Down states (Chauvette et al., 2011). The
ongoing background activity of the neuron shapes the responses
of the neuron to evoked inputs (Arieli et al., 1996; Bernander
et al., 1991; Le´ger et al., 2005; Stern et al., 1997).
We measured the effects of pathological tau on the function of
the intact neocortical network using in vivo intracellular and
extracellular recordings of spontaneous ongoing activity from
frontal pole (medial and lateral agranular cortex) pyramidal neu-
rons in rTg4510 transgenicmice (Tg) and their age-matched non-
transgenic littermates (Ctrl or controls). We used intracellular
recordings from neurons in KX anesthetized animals to measure
changes to subthreshold membrane potential dynamics and
spiking, and extracellular recordings in freely moving animals
to measure single-cell and multicellular activity during SWS
and quiet wakefulness (QW). Changes in the overall pattern ofNeuron 85, 959–966, March 4, 2015 ª2015 Elsevier Inc. 959
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Figure 1. Transgenic Mice Show Sponta-
neous Membrane Potential Oscillations
and AP Firing in Neocortex
(A) Neurons and pathology in 5mo transgenic
neocortex. Cells (yellow arrows) were recorded
intracellularly and labeled in vivo (left). NFTs (white
arrows) were stained in slices (center). In merged
image (right), an NFT is present in the soma of one
of the stained cells. Scale bar, 10 mm. (B and C)
Representative intracellular in vivo recordings in
neurons of 5mo control (B) and transgenic (C)
mice. All-points-histograms (insets) represent the
voltage distribution of subthreshold membrane
potential. The bimodal distribution of the mem-
brane potential is fit to a curve of a sum-of-2-
Gaussians (red). Scale bar applies to intracellular
voltage traces. (D) Verification of extracellular
electrode placement in frontal pole of mice.
Example of a 50 mm coronal slice showing elec-
trode placement (arrow) in the frontal cortex of a
5mo transgenic mouse (left) following electrolytic
lesion. Scale bar, 500 mm. Appropriate coronal
section from atlas (right; Hof et al., 2000). Scale
bar, 600 mm. (E and F) Representative extracellular
in vivo recordings in neurons of 5mo control (E) and
transgenic (F) mice. Mean (±SEM) waveforms of
spikes recorded extracellularly from neocortical
pyramidal neurons in 5mo control (E, left) and
transgenic mice (F, left) revealed the similarity in
waveform parameters between both groups.
Scale bar, 100 ms. Representative LFPs from 5mo
control (E, right) and transgenic (F, right) neocortex
during QW (top trace) and SWS (bottom trace).
Scale bar, 1 s. See also Table S1 and Figures S1
and S2.spontaneous subthreshold membrane potential fluctuations of
single neurons reveal changes in the envelope of activity of the
cortical network of afferents, as these states are induced by pe-
riods of intense (Up state) and sparse (Down state) background
network activity (Haider et al., 2006; Le´ger et al., 2005). Chronic
extracellular in vivo recordings in freely behaving transgenic
mice and their age-matched controls further elucidate the ef-
fects of pathological tau on the function of the nonanesthetized
intact neocortical network.960 Neuron 85, 959–966, March 4, 2015 ª2015 Elsevier Inc.RESULTS
Ongoing activity was measured using
in vivo intracellular and extracellular
recordings in separate experiments. We
recorded intracellularly from 63 frontal
pole neurons in 39 anesthetized rTg4510
transgenic and control mice. Recordings
were made in two age cohorts: 3- to
3.5-month-old mice (‘‘3mo’’) and 4.5- to
6-month-old mice (‘‘5mo’’), displaying
moderate NFT accumulation in the
neocortex prior to appreciable cell death
(Figure S1), with the latter group showing
variable yet significantly higher levels ofNFT accumulation (p = 0.02, t test). This is in agreement with
a previous study showing significant NFT accumulation in
rTg4510 cortex at 2.5 months, but no significant cortical cell
loss until 8.5 months (Spires et al., 2006). Intracellular recordings
were conducted in physiologically identified neocortical pyrami-
dal neurons (Figure 1A). Spontaneous membrane potential
fluctuations between Up and Down states were observed in all
intracellularly recorded neurons (Figures 1B and 1C). No differ-
ences among the membrane potential or input resistance values
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Figure 2. Membrane Potential Oscillations of Transgenic Neurons
Are Slower than Controls during SWS and Anesthesia
(A) Example of an intracellular recording (APs removed) of a 5mo transgenic
neuron. Subthreshold state durations and transitions are indicated in color-
coded lines below trace. False Up transitions (arrowheads) are small depola-
rizing events in the Down state, in which themembrane potential ascended out
of the Down state confidence interval (shaded) failed to reach the Up statewere observed between groups (Table S1), indicating that pas-
sive electrical properties of these cells are not altered by patho-
logical tau.
We recorded local field potentials (LFPs) from the frontal pole
of the cortex (Figure 1D) of four 5mo transgenic mice (n = 10
LFPs) and seven 5mo controls (n = 16 LFPs) during QW and
SWS. Extracellular single units were recorded during QW and
SWS from a subset of three 5mo transgenic mice and three
5mo controls, yielding 27 units/group. Single-unit recordings of
neocortical pyramidal neurons from both groups were identified
by waveform parameters (Figures 1E and 1F). Mice from both
groups showed LFPs typical of QW and SWS epochs (Figures
1E, 1F, and S2).
To quantify differences in patterns of subthreshold membrane
potential oscillations between neurons in transgenic and control
mice (Figure 2A), we compared the mean membrane potential
oscillatory cycle in our intracellular recordings among groups.
Membrane potentials in 5mo transgenic mice had longer periods
than controls (Figures 2B and 3B; pz0, Anderson-Darling test;
pgenotype = 0.0006,Genotype3AgeANOVA; pHSD%0.05). Spec-
tral analysis of subthreshold activity revealed all groups to have a
principal frequency in the slow oscillation range (<1 Hz). How-
ever, neurons in 5mo transgenic mice had a lower principal fre-
quency than controls (Figure 2C; pgenotype = 0.012, Genotype 3
AgeANOVA; pHSD% 0.05), in accordancewith their slowermem-
brane potential dynamics. The principal frequency of individual
LFPs during QW and SWS in 5mo control mice was either in the
delta (1–4 Hz) or the spindle (7–14 Hz) frequency ranges, while
the principal frequency of individual LFPs in 5mo transgenic
mice was always in the delta range. To quantify the differences,
we calculated the spindle-delta power ratio of the LFPs. During
both QW and SWS, 5mo transgenic mice had a reduced spin-
dle-delta power ratio compared with that of controls (Figure 2D;
pQW = 0.02, pSWS = 0.008, t test). All groups had amean principaltransition point and returned to the Down state. (B) Cumulative distribution
function (CDF) of mean interval between successive Up transitions showed
longer Up-Up intervals in transgenic neurons. (C) Power spectral analysis of
the membrane potential (mean ± SEM) revealed a slower mean (+SEM)
principal frequency (inset) for neurons in 5mo transgenic mice compared with
controls. Ctrl 3mo: n = 18 neurons (11 mice); Ctrl 5mo: n = 20 neurons
(11mice); Tg 3mo: n = 13 neurons (8mice); Tg 5mo: n = 12 neurons (9mice). (D)
Power spectral analysis of LFPs (mean ± SEM) during QW (top left) and SWS
(top right). Power Spectral Density (PSD) of 5mo transgenic mice (red) showed
peaks only in the delta range, while controls showed two peaks, in the delta
range and the spindle range (shaded). The mean (+SEM) spindle-delta power
ratio was reduced for neurons in 5mo transgenic mice as compared with
controls during both behavioral states (bottom left). Transgenic neurons had a
slower mean (+SEM) principal frequency as compared with controls during
SWS, but not during QW (bottom right). Ctrl 5mo: n = 16 neurons (3 mice); Tg
5mo: n = 10 neurons (3 mice). (E–G) CDFs of mean Down state durations
(E, left), rise times to Up state (F, left), and fall times to Down state (G, left),
revealed longer durations of Down states and state transitions in transgenic
neurons. Scatterplots (E–G, right) display the mean within-cell variability of the
time spent in state/transition versus the mean time spent in state/transition for
each group and also reveal increased within-cell variability in transgenic
neurons. Between-cell variability, depicted by error bars, is SEM. Ctrl 3mo:
n = 16, 17, 17 neurons (9, 10, 10 mice respectively); Ctrl 5mo: n = 19, 19, 20
neurons (11, 10, 11mice respectively); Tg 3mo: n = 12, 13, 13 neurons (7mice);
Tg 5mo: n = 11, 12, 11 neurons (9 mice). *p% 0.05.
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Figure 3. Neurons in 5mo TransgenicMice Have aHigher Proportion
of False Up Transitions than Controls
(A) Mean (+SEM) number of false (left) or true (i.e., Up states; right) Up tran-
sitions revealed a difference between neurons in 5mo transgenic mice and
controls. Ctrl 3mo: n = 18 neurons (10 mice); Ctrl 5mo: n = 19 neurons (11
mice); Tg 3mo: n = 13 neurons (8 mice); Tg 5mo: n = 12 neurons (9 mice). (B)
Mean (+SEM) intervals between successive true Up transitions (left) and all
(true and false) Up transitions (right) revealed that the longer mean interval of
neurons in transgenic mice was reduced to that of controls when false Up
transitions were included in interval calculation. Ctrl 3mo: n = 17 neurons (10
mice); Ctrl 5mo: n = 19, 20 neurons (11 mice); Tg 3mo: n = 13, 12 neurons (8
mice); Tg 5mo: n = 12 neurons (9 mice). (C) Scatterplot revealed that higher
proportion of false Up transitions in transgenic neurons is maintained when
compared with controls at a low principal frequency (shaded). Each dot rep-
resents a single cell color coded for each group. Ctrl 3mo: n = 18 neurons (11
mice); Ctrl 5mo: n = 20 neurons (11 mice); Tg 3mo: n = 13 neurons (8 mice); Tg
5mo: n = 12 neurons (9 mice). *p% 0.05.frequency in the delta frequency range during both behavioral
states (Figure 2D). During SWS, 5mo transgenicmice had a lower
principal frequency than controls (p = 0.03, t test), while during
QW no difference was observed (Figure 2D; p = 0.15, t test).
These findings suggest that pathological tau perturbs highly syn-
chronous epochs of synaptic activity, as during SWS and under
anesthesia.
To identify the affected components of the membrane poten-
tial periodicity, we measured the individual durations of mem-962 Neuron 85, 959–966, March 4, 2015 ª2015 Elsevier Inc.brane potential states and their transitions during intracellular
recordings. No differences were found for mean Up state dura-
tions (pgenotype = 0.098, Genotype 3 Age ANOVA). Down state
durations of neurons in transgenic mice were longer than those
in controls (Figure 2E; p = 0.02, Anderson-Darling test; pgenotype =
0.0009, Genotype 3 Age ANOVA; pHSD% 0.05). The within-cell
variability of Down state durations of neurons in 5mo transgenic
mice was greater than in controls (Figure 2E; pgenotype = 0.0034,
Genotype 3 Age ANOVA; pHSD% 0.05). Within a given neuron,
the transitions of the membrane potential from Down to Up
states (Up transitions) and from Up to Down states (Down tran-
sitions) normally occur in a highly stereotypical pattern (Stern
et al., 1997). The durations of Up transitions were longer in neu-
rons in transgenic mice than in controls (Figure 2F; p = 0.002,
Anderson-Darling test; pgenotype z0, Genotype 3 Age ANOVA;
pHSD % 0.05). Similar results were found for Down transitions
in neurons in 3mo transgenic mice compared to controls (Fig-
ure 2G; p = 0.018, Anderson-Darling test; pgenotype = 0.001,
Genotype3 Age ANOVA; pHSD% 0.05). Up and Down transition
durations were more variable within neurons in transgenic
mice than in controls (Figures 2F and 2G; Up transitions:
pgenotypez0, Down transitions: pgenotype = 0.0062, Genotype 3
Age ANOVA; pHSD% 0.05). The observed increase in the mean
Down state duration, without a parallel change in the mean Up
state duration, in addition to the increase in state transition dura-
tions in transgenic mice, probably underlie the slower neuronal
oscillation frequency observed in intracellular and extracellular
recordings.
Transgenic neurons showed an increase in the frequency of
small depolarizing events in the Down state (false Up transitions;
Figure 2A). Neurons in 5mo transgenic mice displayed a greater
number of false Up transitions, and a smaller number of true Up
transitions than controls (Figure 3A; false transitions: pgenotype =
0.0007, true transitions: pgenotype = 0.0081, Genotype 3 Age
ANOVA; pHSD % 0.05), the latter consistent with our finding of
a lower principal frequency of membrane potential fluctuations.
The longer intervals observed between successive (true) Up
transitions in 5mo transgenic neurons compared to controls
(pgenotype = 0.0006, Genotype 3 Age ANOVA; pHSD % 0.05)
were not observed when false Up transitions were included in
Up transition interval calculations (Figure 3B; pgenotype = 0.9, Ge-
notype3 Age ANOVA; pHSD% 0.05). This indicates that false Up
transitions portray a pathological tau-induced loss of function.
The higher number of false Up transitions found in 5mo trans-
genic mice may be a consequence of the longer time they spent
in Down state, allowing them a longer time window during which
to emerge. To correct for this, we compared the proportion of
false Up transitions among groups of neurons that had a compa-
rable low principal frequency and found the higher proportion of
false Up transitions in transgenic mice to be maintained
(Figure 3C).
The changes observed in subthreshold membrane potential
dynamics would be expected to cause changes in the firing
properties of the neuron. APs are induced by a more stringent
input timing pattern of simultaneous afferent synaptic inputs
than those generating the Up state, either by additional synchro-
nous (within the postsynaptic membrane time constant) synaptic
inputs (Le´ger et al., 2005) or by reduction of inhibitory inputs
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Figure 4. Transgenic Neurons Have Reduced Firing Rates and
Altered Firing Patterns Compared to Controls
(A) Mean (±SEM) spontaneous firing rates of extracellular single units were
lower for neurons of 5mo transgenic mice than for controls and also lower
during SWS than during QW. Ctrl 5mo: n = 23 neurons (3 mice); Tg 5mo: n = 23
neurons (3 mice). (B) Mean (+SEM) spontaneous firing rates of intracellular
recordings calculated over all subthreshold states (left) and solely over time(Rudolph et al., 2007). We found no changes related to patholog-
ical tau in spike properties measured from intracellularly re-
corded neurons (Table S2), indicating basic electrical properties
intrinsic to the neuron and conductances underlying AP genera-
tion are unaltered. We compared the firing rate of extracellularly
recorded single units in 5mo transgenic and control mice during
QW and SWS. Transgenic neurons had lower firing rates than
controls, as did neurons during SWS compared to during QW
(Figure 4A; pgenotype = 0.01; pstate = 0.01; no interaction; Geno-
type3 State ANOVA). Intracellular recordings revealed that neu-
rons in transgenic mice had lower spontaneous firing rates than
those in controls (pgenotype = 0.035, Genotype 3 Age ANOVA;
pHSD% 0.05), even when firing rate was calculated solely within
the Up states (Figure 4B; pgenotype = 0.047, Genotype 3 Age
ANOVA; pHSD% 0.05). These results suggest that the reduction
of firing rate in transgenic neurons is governed by two separate
mechanisms: the longer Down states, from which APs do not
arise, and the reduced firing rates in the Up states.
To quantify the changes in firing patterns in intracellular re-
cordings, we compared the firing pattern within Up states among
groups. Neurons in 5mo transgenic mice had longer inter-spike
intervals (ISIs) than controls (Figure 4C; pgenotype = 0.026, Geno-
type 3 Age ANOVA; pHSD % 0.05), and neurons in transgenic
mice showed longer latencies to spike from Up transition
than controls (Figure 4D; pgenotype = 0.032, Genotype 3 Age
ANOVA; pHSD % 0.05). The changes in firing patterns within
the Up state of transgenic neurons are not due solely to the
changes in firing rate, as firing patterns differed between groups,
even when compared using firing probability over time (Fig-
ure 4C). Taken together, the results reveal significant reduction
of neuronal activity in the tau transgenic neurons.
DISCUSSION
We have demonstrated that pathological tau reduces the activity
of single neocortical pyramidal cells and of the neocortical
network. We found a lower degree of background activity in neu-
rons in transgenic mice, reflected in altered patterns of both sub-
threshold membrane potential dynamics and spiking activity.
These changes include slower neuronal oscillations and reduced
firing rates. The net result is a reduction in reliability of synaptic in-
formation transmission in the transgenicneocortex.Ourmainfind-
ings differ from those of in vitro intracellular studies (Crimins et al.,
2011, 2012; Rocher et al., 2010), probably due to the inherent
differences between preparations and recording techniques.spent in Up states (right), were lower for neurons in transgenic mice than for
controls. Ctrl 3mo: n = 18 neurons (11 mice); Ctrl 5mo: n = 20 neurons (11
mice); Tg 3mo: n = 11 neurons (7 mice); Tg 5mo: n = 11 neurons (8 mice). (C)
Distribution of mean (±SEM) within Up state ISIs and themean (+SEM) value of
within Up states ISIs per group (inset) revealed neurons of 5mo transgenic
mice had longer ISIs than controls. Ctrl 3mo: n = 16 neurons (11 mice); Ctrl
5mo: n = 19 neurons (10mice); Tg 3mo: n = 10 neurons (6mice); Tg 5mo: n = 10
neurons (7 mice). (D) Distribution of mean (±SEM) latency to first spike from Up
transition point and mean (+SEM) value of latency to first spike from Up
transition point per group (inset) revealed neurons of transgenic mice had
longer latencies than controls. Ctrl 3mo: n = 15 neurons (11mice); Ctrl 5mo: n =
18 neurons (10 mice); Tg 3mo: n = 9 neurons (6 mice); Tg 5mo: n = 8 neurons
(8 mice). *p% 0.05. Histograms are in semi-log scale. See also Table S2.
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This study was conducted on rTg4510 mice, overexpressing
human tau with the dementia-associated P301L mutation (Hut-
ton et al., 1998). This is a well-characterized (Santacruz et al.,
2005; Spires et al., 2006) and widely used mouse model of tau-
opathy (Crimins et al., 2012; Hoover et al., 2010; Kopeikina
et al., 2013). While this mutation has not been identified in AD,
and despite the diversity of tauopathies, the shared pathological
hallmark of NFTs suggests a common mechanism of disease
pathogenesis in all tauopathies (Gendron and Petrucelli, 2009),
and validates the rTg4510 strain as an experimental model.
Intracellular and extracellular recordings revealed that trans-
genic mice had lower principal frequency during SWS and under
anesthesia and reduced firing rates. The latter method, but not
the former, is free from possible differential effects of anesthesia
and intracellular-pipette damage and enables better sampling of
activity of neuronal populations. These findings indicate that
pathological tau alters the functional connectivity of the cortical
network in a manner that disrupts activity mainly during highly
synchronous epochs of synaptic activity, such as SWS and
anesthesia, and to a lesser extent during less synchronized
epochs, as QW. The reduced delta-spindle power ratio found
in nonanesthetized 5mo transgenic mice suggests a reduction
in the power of the thalamically gated spindle rhythm. This may
imply that pathological tau alters corticothalamic functional con-
nectivity in addition to the neocortical activity (De Gennaro and
Ferrara, 2003).
Our findings of altered activity in neurons in transgenic
mice may be attributed to synaptic input insufficiency; i.e., the
lack of enough inputs arriving within a specific time window to
elicit and maintain an Up state and generate normal firing pat-
terns (Bernander et al., 1991; Le´ger et al., 2005). The observed
changes occur at ages with no appreciable cell death or distinct
spine or synapse loss (Crimins et al., 2012; Hoover et al., 2010;
Kopeikina et al., 2013). These findings suggest that the underly-
ing synaptic input insufficiency ismainly caused by a reduction in
synaptic synchrony and to a lesser extent by a reduction in the
number of synaptic inputs. Underlying mechanisms may involve
impaired cellular trafficking or synaptic anchoring (Hoover et al.,
2010; Roy et al., 2005; Shemesh et al., 2008; Stamer et al., 2002;
Thies and Mandelkow, 2007; Yoshiyama et al., 2007) and
changes to neuritic architecture (Crimins et al., 2011, 2012;
Rocher et al., 2010). Some of the observed changes may also
be explained by pathological tau-induced changes in the electri-
cal properties of the neuron.
The longer durations of Down states and rise times to Up
states observed in transgenic mice, along with the reduction in
successful Up states and the corresponding increase in Up
transition failures, could be induced by both synaptic input insuf-
ficiency and/or intrinsic electrical properties of the membrane.
The larger within-cell variability of the durations of Down states
and Up transitions probably reflect a reduction in sufficient
simultaneous synaptic input, given the implausibility of changes
in cell parameters occurring over the time of recording. Down
transitions are the response of the membrane potential to
removal of synaptic inputs (Haider et al., 2006; Le´ger et al.,
2005; Rudolph et al., 2007) and therefore reflect a change in
the intrinsic electrical properties of the neurons. Thus, the longer
Down transitions observed in 3mo transgenic mice probably964 Neuron 85, 959–966, March 4, 2015 ª2015 Elsevier Inc.reflect changes in intrinsic mechanisms in these neurons, while
their larger within-cell variability, found in both transgenic
groups, probably indicates synaptic input insufficiency.
It is unlikely that the changes in firing rates and patterns
observed in transgenic neurons are a result of changes in electri-
cal properties intrinsic to the neuron, as we found no changes
related to pathological tau in the mean Up state voltage, spike
properties, or voltage trajectory leading to spikes. The firing pat-
terns observed in the intracellularly recorded transgenic neurons
are driven by synaptic inputs induced by the spiking of other, pre-
synaptic neurons. However, the lower principal oscillation fre-
quencies observed in transgenicmice during highly synchronized
synaptic activity epochs, such as anesthesia and SWS, suggest
that the reduced firing rates and altered firing patterns found in
transgenic neurons are likely due to changes in synaptic input
patterns to these cells amounting to synaptic input insufficiency.
Our study has not differentiated between the effects of soluble
tau and NFTs on neocortical neuronal activity. We have estab-
lished that the neocortical activity of 5mo transgenics is affected
to a greater extent than that of 3mo transgenics, with the former
displaying significantly higher levels of NFT aggregation than the
latter. Unfortunately, we could not recover all recorded neurons
to demonstrate that not all were burdened by pathological tau.
However, our findings indicate that only a fraction of neurons
are directly affected by NFTs in the investigated age cohorts, in
accordance with previously published findings (Glat et al., 2013;
Spires et al., 2006). Given these data, it is unlikely that our record-
ings were exclusively from neurons bearing NFTs. Thus, we
suggest the altered activity observed in neocortical neurons in
transgenic mice does not depend on whether the individual re-
corded neuron contains an NFT, as also corroborated by in vitro
studies (Crimins et al., 2011, 2012; Rocher et al., 2010). Since sol-
uble tau is also increased at this age, it is reasonable to assume
that this tau species also affects neuronal activity. However, the
possibility exists that pathological tau affects neuronal activity at
levels below that of detections with the immunocytochemical
and perfusion methods used in this study (Oh et al., 2010). We
therefore cannot rule out the possibility that many more neurons
have accumulated pathological tau than we can detect.
Our results reveal a global reduction in activity, probably
caused by pathological-tau-affected individual neurons, which
reduce the activity of downstream unaffected neurons. A
possible mechanism could be morphological changes in tau-
affected neurons (Crimins et al., 2011, 2012; Hoover et al.,
2010; Kopeikina et al., 2013; Rocher et al., 2010; Roy et al.,
2005; Shemesh et al., 2008; Stamer et al., 2002; Yoshiyama
et al., 2007), leading to disruption of information transmission,
first in these neurons and their direct contacts, and gradually
proliferating throughout the neocortical network, eventually lead-
ing to global synaptic input insufficiency. A reduction in synaptic
synchrony or, less likely, in the number of synaptic inputs, as re-
vealed by the changes in subthreshold membrane potential fluc-
tuation patterns and the lower principal oscillatory frequencies,
while allowing for partial function of the cortical neurons, signifi-
cantly changes the firing patterns and spike rates of these cells.
Taken together, the changes described in this study inevitably
affect the fine scale of the neurons’ ability to encodemultidimen-
sional information by complex patterns of spike trains. This may
explain the discrepancy between the evidence for functional
integration of NFT-bearing neurons in visual cortex (Kuchibhotla
et al., 2014), and, on the other hand, cognitive dysfunction (Crim-
ins et al., 2011; Santacruz et al., 2005). Neurons may show
normal tuning to stimulus parameters when integrating over a
long period of time, while fine structure of neuronal activity, on
the millisecond timescale, is disrupted. Our study has shown a
disruption in the pattern of inputs, regardless of whether the re-
corded neuron bears NFTs. An intracellular neuropathology
affecting only a fraction of the neurons therefore escalates to a
disruption of the entire neuronal network. We suggest that this
reduction in global neuronal activity caused by neuropathology
in a subset of the affected network, prior to substantial neurode-
generation, may explain the cognitive decline characteristic of
human tauopathy and Alzheimer’s disease.
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